Olfactory receptor neurons respond to odorant stimulation with a rapid increase in intracellular cAMP that opens cyclic nucleotide-gated (cng) cation channels. cng channels in rat olfactory neurons are activated by cAMP in the low micromolar range and are outwardly rectifying. The cloned rat olfactory cng channel (rOCNC1), however, is much less sensitive to cAMP and exhibits very weak rectification. Here we describe the cloning and characterization of a second rat cng channel subunit, denoted rOCNC2. rOCNC2 does not form functional channels when expressed alone. When rOCNC1 and rOCNC2 are coexpressed, however, an outwardly rectifying cation conductance with cAMP sensitivity near that of the native channel is observed. In situ hybridization with probes specific for the two subunits shows that they are coexpressed in olfactory receptor neurons. These data indicate that the native olfactory cng channel is likely to be a heterooligomer of the rOCNC1 and rOCNC2 subunits. (14) . In contrast, the native conductance in rat olfactory neurons is much more sensitive to cAMP (EC5o of 2.5 ,uM) and is outwardly rectifying (7). There are several possible explanations for these functional differences. For example, a second olfactory channel might exist that would display the cAMP sensitivity and rectification behavior of the native channel when heterologously expressed. Alternatively, another channel subunit might modulate the properties of rOCNC1 by forming heterooligomeric channels with it.t MATERIALS AND METHODS rOCNC2 cDNA Clones. Primers CN2 [5'-AARYTIGCIG-TIGTNGCNGA-3', corresponding to rOCNC1 aa 500-506 (Lys-Leu-Ala-Val-Val-Ala-Asp)] and CN1 [5'-AT(R)TTI-GCIGTIC(K)IC(K)(R)TTNCC, corresponding to aa 535-542 (Gly-Asn-Arg-Arg-Thr-Ala-Asn-Ile)] were used for polymerase chain reaction (PCR) (17) experiments using oligo(dT)-primed first-strand cDNA synthesized from template rat nasal epithelial RNA. The annealing temperature was 42TC and 35 amplification cycles were performed. Restriction analysis of the PCR product revealed that it contained two sequence classes; one of these corresponded to the rOCNC2 sequence. To obtain an rOCNC2-specific hybridization probe, an rOCNC2-specific PCR primer was designed from aa 417-426 and used in combination with vector primers flanking the polylinker of AZAPII (Stratagene) to PCR amplify sequences from a rat nasal epithelial AZAPII cDNA library. The ends of the 1090-bp fragment thus isolated were sequenced, and new rOCNC2-specific PCR primers were designed and used to amplify a non-cross-hybridizing fragment of 820 bp. This was used to screen 1.8 x 106 phage from the library and 8 full-length rOCNC2 clones were isolated; 2 of these were sequenced (29). We sequenced the 5' ends of all 8 clones to determine whether a second form of rOCNC2 with a longer N terminus might exist, but we found no evidence for such a form.
Molecular data support this model of olfactory signal transduction. Olfactory receptor neurons express a very large family of G protein-coupled receptors (11) . These receptors could interact with God, a G protein also expressed in olfactory neurons that is very similar in sequence to Gs (12) . An adenylyl cyclase (13) and a cng channel (14) (15) (16) have also been cloned from olfactory epithelium and characterized.
The rat olfactory cng channel clone rOCNC1 forms cAMPactivated channels when heterologously expressed in mammalian cells. The conductance is characterized by a halfmaximally effective concentration (EC50) for cAMP of 68 AuM and very weak rectification in the absence of divalent cations (14) . In contrast, the native conductance in rat olfactory neurons is much more sensitive to cAMP (EC5o of 2.5 ,uM) and is outwardly rectifying (7) . There are several possible explanations for these functional differences. For example, a second olfactory channel might exist that would display the cAMP sensitivity and rectification behavior of the native channel when heterologously expressed. Alternatively, another channel subunit might modulate the properties of rOCNC1 by forming heterooligomeric channels with it.t MATERIALS AND METHODS rOCNC2 cDNA Clones. Primers CN2 [5' -AARYTIGCIG-TIGTNGCNGA-3', corresponding to rOCNC1 aa 500-506 (Lys-Leu-Ala-Val-Val-Ala-Asp)] and CN1 [5' -AT(R)TTI-GCIGTIC(K)IC(K)(R)TTNCC, corresponding to aa 535-542 (Gly-Asn-Arg-Arg-Thr-Ala-Asn-Ile)] were used for polymerase chain reaction (PCR) (17) experiments using oligo(dT)-primed first-strand cDNA synthesized from template rat nasal epithelial RNA. The annealing temperature was 42TC and 35 amplification cycles were performed. Restriction analysis of the PCR product revealed that it contained two sequence classes; one of these corresponded to the rOCNC2 sequence. To obtain an rOCNC2-specific hybridization probe, an rOCNC2-specific PCR primer was designed from aa 417-426 and used in combination with vector primers flanking the polylinker of AZAPII (Stratagene) to PCR amplify sequences from a rat nasal epithelial AZAPII cDNA library. The ends of the 1090-bp fragment thus isolated were sequenced, and new rOCNC2-specific PCR primers were designed and used to amplify a non-cross-hybridizing fragment of 820 bp. This was used to screen 1.8 x 106 phage from the library and 8 full-length rOCNC2 clones were isolated; 2 of these were sequenced (29 proteins. In the alignment, a dash indicates the absence of an amino acid, and a dot in the consensus line indicates an amino acid that is not conserved between the sequences. S1-S6 are putative transmembrane domains, and P is the putative pore region. The cyclic nucleotide-binding (CN) domain is defined by homology to the sequences of other proteins that bind cAMP and cGMP (20, 21) .
genes. These probes did not cross-hybridize to the other channel sequence by Northern blot analysis using full-length sense-strand in vitro transcripts of rOCNC1 and rOCNC2 cDNA clones (J.B., unpublished results). In situ hybridization was performed as described (18 
RESULTS
We used PCR to amplify cng channel-related sequences from primary olfactory epithelial cDNA. We identified an amplification product whose sequence is closely related to rOCNC1. This product was used to isolate a full-length cDNA clone, denoted rOCNC2. The predicted amino acid sequence of rOCNC2 comprises 575 residues and is 51% identical to rOCNC1 (Fig. 1) . Hydropathy plots of the two sequences are almost superimposable, indicating similar transmembrane topology. Each protein contains six putative transmembrane regions (S1-S6), and a pore (P) region homologous to the P region of voltage-gated channels.
The CN domain is highly conserved (77% identity). A threonine residue which influences selectivity for cGMP over cAMP (22) is present in both sequences (residue 539 in rOCNC1). However, there are three adjacent nonconservative differences Ser-Lys-Met (aa 532-534) in rOCNC1 vs. Asn-Met-Ser (aa 424-426) in rOCNC2 within the most conserved part of the CN domain (20, 21) . The S4 region of rOCNC2, which corresponds to the putative voltage sensor of voltage-gated channels, is likely to bear one or two more positive charges than the corresponding sequence from rOCNC1 (two if His254 of rOCNC1 is uncharged). The two sequences also differ at a position in the P region (Glu3M2 in rOCNC1, which corresponds positionally to Asp234 in rOCNC2) that influences interactions between divalent cat- ions and the channel pore (23) (24) (25) . Finally, rOCNC2 is 109 aa shorter than rOCNC1 at its N terminus. We used quantitative reverse transcription-PCR to assay the tissue-specific expression patterns of the rOCNC1 and rOCNC2 mRNAs. A 30-cycle amplification is shown in Fig.  2 ; both mRNAs are highly enriched in the olfactory epithelium, although low-level expression can be detected in brain and olfactory bulb. In 35-cycle amplifications, both of the PCR products can be detected when cDNA from whole brain, cortex, cerebellum, and olfactory bulb is used, but not with cDNA from any of the other tissues (J.B., unpublished results).
To examine the cell-specific expression patterns of the mRNAs, we performed in situ hybridization of digoxigeninlabeled rOCNC1 and rOCNC2 probes to sections of rat olfactory epithelium. We also used probes recognizing mRNAs encoding Golf (12) and the I7 olfactory receptor (11) to visualize olfactory neurons and to provide controls for nonspecific background hybridization. Golf mRNA is expressed at high levels throughout the neuronal layer (Fig. 3B) , whereas I7 mRNA, like other olfactory receptor mRNAs (26, 27) , is expressed only in a small subset of neurons (Fig. 3A) . Both rOCNC1 (Fig. 3C) and rOCNC2 (Fig. 3D ) mRNAs are expressed in the olfactory neuronal layer. There is significant heterogeneity in rOCNC2 expression among individual neurons, whereas rOCNC1 is more homogenously expressed. These patterns suggest that some olfactory neurons may express only the rOCNC1 channel. This could explain earlier observations that the cng conductance of a subpopulation of neurons exhibited a lower sensitivity to cAMP (3) . In situ hybridization to brain sections shows that both channel subunit mRNAs are also expressed in subsets of neurons in the olfactory bulb, cerebellum, and cortex (J.B., unpublished results).
To determine whether rOCNC2 could function as a cng channel, we transiently transfected HEK 293 cells with an rOCNC2 expression vector. Ten to 40% of the transfected cells exhibited bright surface staining with an rOCNC2-specific antiserum (J.B., unpublished results), but we could not detect any cyclic nucleotide-activated conductances in excised inside-out patches from these cells.
To evaluate whether rOCNC2 could alter the properties of the rOCNC1 channel, we transfected HEK 293 cells with the rOCNC1 expression vector alone or with a mixture of the rOCNC1 and rOCNC2 plasmids at a 1:1 molar ratio. At a membrane potential (Vm) of +60 mV, an inside-out patch from an rOCNCl-expressing cell displayed a cyclic nucleotide-activated conductance with an EC50 for cAMP of 64 ,uM. A cell expressing both subunits, in contrast, had an EC50 for cAMP of 6.3 ,uM at +60 mV (Fig. 4A Left; macroscopic current traces from these two patches are shown in Fig. 4B ). While expression of rOCNC2 increased the apparent affinity ofthe channel for cAMP, it had the opposite effect for cGMP. The EC50 for cGMP was 1.5 ,uM for a cell expressing only rOCNC1 but was 2.8 ,uM for a cell expressing both subunits (Fig. 4A Right) . The data obtained from 34 patches are summarized in Table 1 . Table 1 also shows that the Hill coefficients for the rOCNC1/rOCNC2 channel approximate those observed for the native channel (7) and are significantly lower than for the rOCNC1 channel. We do not know whether the lower Hill coefficients of the rOCNC1/rOCNC2 channel are due to a reduced cooperativity at the molecular level or to the presence of a heterogeneous population of channels in the patch that have different subunit stoichiometries. In cells cotransfected with rOCNC2 and rOCNC1 plasmids at ratios of 3:1 or 6:1, the average EC50 for cAMP was 6.9 ± 0.8 at +60 mV (n = 8). Thus, increasing the relative proportion of rOCNC2 does not increase the sensitivity to cAMP beyond the values observed with a 1:1 ratio. The EC50 values for both cAMP and cGMP that we measured for the rOCNC1/rOCNC2 channel in HEK 293 cells are =3 times those observed for the native rat channel (7) ( Table 1 ). This may be due to differences in experimental conditions, in posttranslational modification, or in interactions with cell-specific modulatory factors. For example, a recent study demonstrated that the cyclicnucleotide sensitivity of the rOCNC1 and native rat channels can be dramatically altered by direct interaction with Ca2+/ calmodulin (28) .
The differences in apparent agonist affinity between the heterooligomeric and homooligomeric channels may be partially due to the three adjacent nonconservative amino acid substitutions within the highly conserved CN domain (Fig. 1) .
In the determined three-dimensional structures of CN domains from another protein (21), these three positions are within a loop that forms part of the cyclic nucleotide-binding pocket.
The rOCNC1/rOCNC2 channel shows outward rectification in symmetrical divalent-free solutions. The kinetic basis for this rectification is a current relaxation (time constant of 30-50 ms) to smaller or larger amplitudes following a step from zero to negative or positive membrane potentials, respectively (Fig. 4B Right) . The relaxation was not observed for cells transfected with rOCNC1 alone (Fig. 4B Left) . The increased voltage dependence of the heterooligomeric channel could be due to the larger number of positive charges in the S4 domain of rOCNC2 relative to rOCNC1.
In the presence of extracellular divalent cations, both the homooligomeric and heterooligomeric channels are outwardly rectifying, but the divalents have a smaller effect on the heterooligomeric channel. In the absence of divalent cations, the ratio of current amplitudes at -60 and +60 mV (I-60/I+60) was 0.84 for rOCNC1 (see Fig. 4B ), and this ratio decreased by 8-fold, to 0.11, with the inclusion of 2 mM Ca2+ and 1 mM Mg2+ in the extracellular solution (Fig. 4C) . Divalent cations had a smaller effect on the rOCNC1/ rOCNC2 channel, decreasing I-60/I+60 by only a factor of 3 (from 0.62 to 0.2). These data suggest that the two channels could have different Ca2+ permeabilities. Permeability to Ca2+ is likely to be functionally important since a major component ofthe depolarizing current in olfactory neurons is carried by a Ca2+-activated Cl-conductance (8) (9) (10) .
The rOCNC1/rOCNC2 channel also differs from the rOCNC1 channel in its single- (30) . Prefixes: h, human; r, rat; m, mouse; b, bovine; f, catfish.
ings of the rOCNC1 channel are stable, last for tens of milliseconds, and have a maximal conductance of =48 pS at +60 mV (Fig. 5 Left) . The rOCNC1/rOCNC2 channel is flickery at +60 mV, making it difficult to accurately measure single-channel conductances. At -60 mV, the flickering is further accentuated (Fig. 5 Right) . This reduces the effective single-channel conductance and contributes to outward rectification. Flickery opening behavior has also been observed for the native channel (7).
DISCUSSION
We have identified a second subunit of the rat olfactory cng channel, rOCNC2. This subunit does not form a functional channel by itself but heterooligomerizes with the previously identified olfactory channel, rOCNC1, to produce a channel whose electrophysiological behavior differs from that of the homooligomeric rOCNC1 channel.
Additional subunits that modulate channel properties have been identified for K+ channels and for various ligand-gated channels. A modulatory subunit for the human rod cng channel, hRCNC2, has also been described (19) . This subunit does not function as an ion channel when expressed alone, but can form functional heterooligomers with the previously characterized rod cng channel, hRCNC1. Compared with the hRCNC1 channel, the hRCNC1/hRCNC2 channel is more similar to the native photoreceptor channel in its sensitivity to drug blockade and in its single-channel properties. The openings of both olfactory and retinal heterooligomeric channels are flickery, while the openings of both homooligomeric channels are stable. Like rOCNC2, hRCNC2 is shorter at its N terminus than the first rod channel subunit.
The data described above indicate that the native cng channels in olfactory neurons and in retinal rods are similar in many respects. An evolutionary tree of the cng channel sequences (Fig. 6) suggests that the rOCNC2 and hRCNC2 subunits arose from a common ancestral protein after the rOCNC1 and hRCNC1 subunits diverged. Thus, the olfactory and retinal channels may have once shared a common modulatory subunit.
The rOCNC2 subunit confers several properties that are characteristic of the native channel from olfactory neurons but differ from those of the homooligomeric rOCNC1 channel. These include agonist sensitivity, rectification, and single-channel behavior. The ratio of the EC50 values for cAMP versus cGMP is 34 for the homooligomeric rOCNC1 channel and 2.5 for the heterooligomeric rOCNC1/rOCNC2 channel ( Table 1 ). The value of 2.5 is equal to that observed for the native rat channel from olfactory neurons. Our results, together with the studies on the retinal channel (19) , provide molecular and functional evidence for the presence of heterooligomeric cng channels in vivo.
Note Added in Proof. Similar data on the rOCNC2 channel subunit have been obtained by E. Liman and L. Buck, and a paper describing their results is in press in Neuron.
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